Cesium can be encapsulated in crystalline aluminosilicates or borosilicates of ANA framework type by hydrothermal synthesis from alkaline solutions at a temperature as low as 115°C. No miscibility gap is observed in the borosilicate-aluminosilicate solid solution. The presence of cesium in the synthesis batch slightly decreases the yield of incorporation of boron in the silicate framework. Nanocrystals from 25 to 50 nm are formed in most of the synthesis conditions.
Introduction
Several methods for the immobilization of high-and low-level radioactive wastes from reprocessing of nuclear fuel have been developed in the last decades and their optimization is a current research subject. In particular cesium presents a high β activity due to its short-lived isotope 137 Cs (half period = 30 years), and a long-lived isotope 135 Cs (half period = 2.3 ⁎ 10 6 years). The specific conditioning of this element should optimize the global management of the package of high-level waste.
Current Portland cement-based technologies for the concentration and immobilization of 135 Cs and 137 Cs are mainly used for low-level wastes, but often present unsatisfactory leaching behaviour [1] , albeit several additives have been proposed to improve their leaching behaviour [2] [3] [4] . The borosilicate glass is the most common industrial solution used for the immobilization of high-level waste [5, 6] . Moreover other ceramic type materials with different matrices have been used for a durable immobilization of radioactive cesium such as hollandite, perlite and several phosphates [7] [8] [9] . These ceramics were prepared using oxide, carbonate and nitrate powders with different cations (Al 3+ , Cr 3+ , Ga 3+ , Fe 3+ , Mg 2+ , and Sc 3+ ) of increasing size, in order to evaluate the effect of composition on ceramics microstructure and structure and on cesium incorporation.
The effectiveness of zeolites as cation exchangers and their radiolytic stability have prompted their early application for the remediation of nuclear sites [10] [11] [12] . Zeolites are currently used for the removal of cations from high-level alkaline waste solutions [13] [14] [15] . The zeolites used for this application, as zeolite A, zeolite X or natural chabasite, erionite, phillipsite and clinoptilolite, present a highly accessible micropore system and a correspondingly fast cation exchange, an asset for cation removal from waste solutions but a drawback for long-term stockage. As a consequence, radionuclideloaded zeolites are usually vitrified at high temperature to form lowsurface area ceramics [16] [17] [18] [19] .
It has been observed that high-temperature sintering of zeolite A [20] or zeolite Y [21, 22] with high cesium loading brings to the formation of crystalline pollucite ceramics with chemical stability better than amorphous glasses previously obtained at lower temperature. Aluminium-rich pollucite is also crystallized in the process of high-temperature sintering of initial glass-bonded zeolite A ceramic waste form (CWF). In the sintering process, cesium-rich zeolite A is transformed in cesiumless sodalite and cesium migrates to newly formed cesium-rich analcime and pollucite phases [23] .
The structure of the aluminosilicate framework of pollucite CsAlSi 2 O 6 does not allow the exchange of the charge-compensating cations [24] . This means that, once Cs + cations have been encapsulated by the formation of the aluminosilicate network, their loss is negligible in the stability field of the mineral. This behaviour suggests that direct formation of pollucite in a waste solution would represent a promising method to immobilize cesium cations. Pollucite was early synthesized from cesium-rich alkaline solutions in mild hydrothermal conditions at temperature as low as 160°C [25] .
The present communication reports the preparation of pollucite nanocrystals with composition ranging from aluminosilicate to borosilicate throughout the span of the solid solution Cs(Al,B)Si 2 O 6 . Borosilicate pollucite was earlier crystallized from melts or gels at high temperature (about 900°C) [26, 27] and can be obtained by hydrothermal synthesis at 120°C [28] . The preparation of nanocrystals presents further advantages, if sintering procedures are needed. These assets could be compensated by the more difficult filtering and 
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The boro-aluminosilicate nanocrystals whose preparation is dealt with in this communication were prepared as raw materials for experiments intended to verify the effects of crystal size and boron content on cesium incorporation and retention in pollucite. It is important to find a correct B amount that can promote sintering process without increasing the leaching rate. For this reasons, sintering experiments and leaching tests are in progress. It is generally accepted that the leaching behaviour of borosilicate glasses worsens with increasing boron content [29] . Contradictory results [30] can probably be accounted for by the formation of an impervious silica crust by depletion of boron and cations from the rim of samples [31] . However, borosilicate glasses present significant amounts of trigonal boron and polymeric borates [32] and their leaching behaviour does not necessarily correspond to the behaviour of crystalline borosilicate, in which only tetrahedral isolated borates are present.
Experimental
Two different silica sources were used: precipitation silica Zeosil In a typical synthesis, the appropriate hydroxides were dissolved in deionized water. Boric acid andlatersilica were added to the solution under stirring. The obtained hydrogels were sealed in a stainless steel autoclave and heated in static conditions at a temperature between 115 and 195°C for a time ranging from 2 to 30 days. The products were filtered, washed with deionized water and dried at 80°C.
The X-ray diffraction analyses were carried out on a side loadedsample holder using a Philips PW1729 diffractometer with Bragg-Brentano geometry θ-2θ, CuKα radiation ¼°incident and 0.04 Soller slits. The spectra were collected from 5 to 100°2θ by using a 0.02°θ step and counting time of 10 s for each step. Rietveld profile fitting was carried out by using the GSAS package [33] with the EXPGUI [34] interface. The structure of Gatta et al. [35] was used as starting model for the refinements. The extracted Bragg peak profiles were modeled by a pseudo-Voight function with 2 refined coefficients (one Gaussian and one Lorentian term, Gw and Ly in GSAS terminology) and a 0.5% cut-off of the peak intensity. The background curve was fitted with a 12 refined coefficient Chebyshev polynomial.
Crystallite size was evaluated from the width of the diffraction lines by the Williamson-Hall method [36, 37] .
Nine representative synthesized products were chemically analyzed with an ARL-SEMQ electron microprobe operating in the wavelength dispersive (WDS) mode. X-ray counts were converted into oxide weight percentages using the PROBE correction program [38] . To minimize the water loss and cation migration induced by the electron beam, a beam current of 10 nA and a defocused beam of 25 μm were used. The analyses were carried out on carbon coated powder pressed pellets. Only analyses with charge balance error b10% [39] were considered as being reliable. The batch compositions and the chemical analysis of the products are reported in Table 1 .
Results and discussion
Crystalline materials with ANA framework type [40] were the only solid products in the whole range of the composition. Fig. 1 , where the B/(B + Al) ratio of the synthesis products and of the synthesis batch is reported, shows that in the intermediate terms of the solid solution the yield of incorporation of boron is lower than that of aluminium. Moreover an easier incorporation of Al in the Na-bearing samples is observed.
The unit cell parameter refinements showed that all samples crystallize in the Ia 3d space group. This result is in agreement with a disordered Si, Al and B distribution in the tetrahedra. In fact, an ordered distribution of tetrahedral cations would induce a lowering of symmetry.
The cell parameter a is reported in Figs. 2 and 3 as a function of the B/(B + Al) ratio in the crystalline products and in the synthesis batches, respectively. Fig. 2 shows a linear decrease of cell parameter with B/(B + Al) ratio, hence indicating a strong dependence of the cell volume mainly from B content in the tetrahedral positions. The cell parameter decreases from 13.593 Å for the cesium aluminosilicate end-member to 12.985 Å for the cesium borosilicate end-member.
The non-linear variation of the cell parameter with the composition of the synthesis batch ( Fig. 3) confirms the discrepancies between the composition of the synthesis batch and the final crystals. Albeit the boron fraction is the main parameter controlling the cell size, the extra-framework cation content also has some effect. Samples synthesized from sodium-cesium mixed synthesis batches systematically present cell parameter slightly higher than the corresponding cesium pure samples (see Figs. 2 and 3) .
This effect can be compared with literature data for aluminosilicate pollucite. The cell parameter 13.593 Å found for the cesium aluminosilicate end-member here studied has to be compared with the cell parameters 13.73 for sodium aluminosilicate analcime [41] , 13.69 for . 1 . Boron content in the synthesis batch and in the products. Cs/(Cs + Na) ratios higher than 0.975 (filled lozenges) or lower than 0.33 (void squares).
natural pollucite with cesium cation fraction (cesium/sum of cations) of 0.75 [42] , and 13.672 for pollucite with cesium fraction of 0.886 [43] . To our knowledge, the cell parameter of cesium aluminosilicate pollucite end-member has not yet been published [44] .
All these valuesfrom this work and literaturesuggest a steady decrease of the cell parameter at increasing cesium content although Cs ionic radius is larger than Na radius. In Cs-bearing ANA phases, Cs is sited in the crystallographic position occupied by the water molecule in natural analcime, (i.e., at the centre of the channel which runs along [111]), where Cs cation coordinates framework oxygen atoms in a distorted octahedron [45] . Moreover Cs is a hydrophobic cation and the water content decreases with its content. Na cation, on the contrary, is located nearer the framework and coordinates both water molecules and framework oxygen atoms [46] . In conclusion, the pollucite cavities are smaller than the analcime ones as an effect of: i) the minor volume occupied by cesium with respect to that occupied by sodium and water and ii) the Cs coordination bonds with only framework oxygen atoms.
The size of the crystallites formed is reported in Fig. 4 as a function of the boron fraction in the synthesis batch. Crystallites are smaller than 50 nm for all compositions except for some of the most boronrich ones. The smallest crystallites are observed for the intermediate terms of the solid solution, while crystallites larger than 70 nm are only observed for systems with B/(B + Al) greater than 0.98. This trend suggests that the presence of aluminate is a strong nucleationenhancing factor that hinders the crystal growth, an effect already observed in the synthesis of solid solutions of borosilicate and aluminosilicate zeolite beta [47] .
Crystallites formed from synthesis batches at low alkalinity are significantly smaller than their analogues formed at higher alkalinity (see Fig. 4 ). In the case of the boron-rich samples, the solids formed at low alkalinity present a lattice parameter up to 0.08 Å larger than their high-alkalinity analogues, suggesting a lower boron incorporation. For the solids formed in the absence of boron, the cell parameter did not change with the alkalinity of the synthesis batch and the variations in crystallite size cannot be attributed to variations of composition. The observation of smaller crystals at lower alkalinity is quite unusual in zeolite synthesis, the opposite effect being more often observed [48] .
Di Renzo et al. [49] observed that the size of sodium aluminosilicate analcime crystals synthesized at 150°C was systematically larger than 10 μm, several orders of magnitude larger than the size of the crystals obtained in the present study ( Fig. 5 ). Further verifications are needed for the attribution of this large difference in nucleation frequency to the cation ratio Cs/(Cs + Na) alone.
Despite sharing the same structure, analcime and pollucite present significantly different behaviours as far as water mobility and cation exchange are concerned. While analcime presents a water molecule per sodium cation, end-term pollucite is anhydrous. In the intermediate terms of Cs-Na extra-framework composition the water amount is proportional to the sodium content [50] . The absence of reversible dehydration upon heating prevented pollucite to be classified as a zeolite until structural considerations did not prevail on physical macroscopic observations [51] . As far as water and cation mobility is concerned, the behaviour of intermediate cesium-sodium terms could approximate the behaviour of end-term cesium pollucite. Indeed, incorporation of small amounts of cesium or rubidium in an analcime-type zeolite has been shown to highly decrease the water mobility inside the crystal [52, 53] .
Conclusions
The incorporation of cesium cations in ANA framework type materials has been possible in the whole field of composition from aluminosilicate to borosilicate at a temperature as low as 115°C. Pollucite crystals smaller than 50 nm have been formed at most compositions of the synthesis batches. The materials formed seem perfectly suited for leaching tests aimed to verify if mild hydrothermal synthesis of cesium silicates is an appropriate method for the immobilization of high-level wastes from plants of treatment of nuclear fuels.
